A field-effect transistor (FET) is one of the most commonly used semiconductor devices.
I. Introduction
Biosensor technology has great potential to detect disease markers and micro-organisms in clinics.
Biosensor systems can also be used as an effective analytical tool for detecting biomolecular interactions such as DNA hybridization, antibody-antigen interactions, protein-protein interactions, receptor-ligand binding, DNA-protein binding, andother types of interaction [1] [2] [3] [4] [5] . Since the introduction of the biosensor in 1962, as reported first by Clark and Lyon [6] , biosensors have been employed in a wide range of applications in the biomedical, environmental, industrial, and agricultural fields. According to the transduction process, biosensors are generally classified as optical, electrochemical/electrical, piezoelectric, or thermal systems [7] [8] [9] [10] . Among the many different biosensing systems available at present, the FET-type biosensor is one of the most attractive electrical biosensors given its advantages of sensitive measurements, portable instrumentation, easy operation with a small amount of sample, low cost with mass production, and high speeds.
The principle of an ion-sensitive FET biosensor based on a traditional metal-oxide semiconductor FET (MOSFET) structure was initially reported in 1970 as a short communication by Bergveld [11] , and was again discussed in 1976 as a proof-of-concept study of enzyme FETs by Janata and Moss [12] . Caras and Janata described the first practical use of a FET-type biosensor for an assay of penicillin in 1980 in their study involving a pH-based enzyme FET [13] .
Starting with this proof-of-principle experiment, several examples of FET-based detection have been conducted [14] [15] [16] 
II. FET Basics
All field-effect transistors (FETs) have three semiconductor devices, called the source (S), the drain (D), and the gate (G). There is no physical contact between source and drain, but a current path, which is called a conduction channel, forms between the source and the drain. The gate-to-source voltage (Vgs) will turn on (or off) the device, as a FET-type device can function as an on/off switch. The electric field strength, which serves as a control mechanism, is associated with the voltage applied to the gate. The current flow is determined by the actual motion of the carriers to be more exact, of the electrons for the n-type channel or the holes for the p-type channel [17, 18] . For an n-type FET, the applied gate voltage will cause electrons to pass through the channel from the source to the drain. If positive voltage is applied to the gate of an n-type FET, a channel is created and the charge effect on the conductance across the channel increases accordingly [19] . In contrast, if negative gate voltage is applied, the n-type channel will pinch off. For a p-type FET, the opposite occurs, as positive (negative) gate voltage will turn off (on) the transistor device.
The change in the electric field that is directed vertically downwards depends on the applied gate voltage [17] . When the applied gate voltage reaches the threshold voltage (Vth), the drain current starts to flow from the source to the drain. The threshold voltage is defined as the value of Vgs at which a sufficient density of mobile electrons or holes in the channel gathers to give rise to a conducting channel.
When Vgs is close to Vth or greater (that is, when Vgs＞Vth), the n-type FET starts to turn on the device. In contrast, for a p-type FET, Vgs should be lower than Vth (that is, Vgs＜Vth) to produce a p-type channel underneath the gate oxide layer. The The surface charge density of the analyte affects the applied gate bias of Vgs. In order to detect biological molecules using a FET, the probe molecules should bind to the active sensing layer. In this case, equation (1) above can be modified as follows: [27] . In that study, the CRP antigen was recognized by its specific antibody immobilized onto the oxide layer, as governed by the pH dependence of the surface charge density of the target antigen (Fig. 4) . Upon the binding of CRP to an anti-CRP antibody on the ISFET surface, a measurable decrease in the drain current was observed, as CRP (pI 5.45) has a net negative charge at the given buffer at pH 7.4. (Note that an analyte has a net negative charge when its pH exceeds the pI value.)
The concept of an enzyme FET was initially proposed by Janata and Moss in 1976 [12] . In 1980, Caras and Janata showed the practical applicability of an ISFET as a pH-based enzyme FET for the measurement of penicillin [13] . Subsequently, many designs were suggested for enzyme-FET biosensors [28] [29] [30] [31] .
The enzyme FET originates from a pH-sensitive detector in which the concentration of protons derived Figure 5 . Cross-sectional diagram of a glucose oxidase-based enzyme ISFET [5] . The enzyme glucose oxidase was covalently cross-linked to the polyacrylamide gel as a matrix for enzyme immobilization. S and P indicate the substrate and the product. 3. Nanowire FET Nanowires are widely used as excellent building Figure 7 . Schematic representation of a pH-dependent silicon nanowire FET (SiNW FET) functionalized with amine and oxide materials [20] . The silicon nanowire FET can be used for sensitive pH sensing. Figure 6 . Schematic representation to explain the relationship between surface interactions and conduction within a nanowire [34] . An increased surface-to-volume (S/V) ratio leads to a substantial increase in the detection sensitivity.
blocks for nanoscale devices. It is assumed that one of the most fascinating sensing platforms can be a FET sensor system based on nanostructures, including semiconductor nanowires and carbon nanotubes.
Even if the operating principle of a nanowire FET is similar to that of a typical FET-type device, a nanowire FET shows advanced sensitivity due to the nanoscale channel confinement effect [32] . Nanowiretype FET sensors are considered as sensitive devices because the surface-to-volume (S/V) ratio drastically increases when the diameter of the wire decreases on the nanometer scale, as a high S/V ratio is responsible for the sensitivity of the device. Fig. 6 depicts the concept of a conduction channel along nanowires which is affected by surface interactions [33] . The overall entire conduction of the wires can Figure 8 . Schematic illustration of a virus-specific antibody-modified nanowire FET for detecting the influenza virus [1] . Nanowires 1 and 2 are modified with a specific antibody and a non-specific antibody, respectively. When the virus moves away from the surface, the conductance goes back to the baseline. ductance in response to streptavidin, which is a negatively charged biomolecule (pI=around 5.6).
Patolsky et al. electrically detected the influenza
(type A) virus using a p-type silicon nanowire FET in an array [1] . Fig. 8 shows a schematic illustration of the antibody-modified silicon nanowire FET used for detecting the influenza virus. In that study, the effect of the pH value on the conductance caused by the surface charge density of the virus particles was tested at a constant ionic strength. In their results, the pH variation was found to be primarily respon- 
